Background and Purpose-In cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL), a large increase in water diffusion has been found both inside and outside the cerebral lesions as detected on conventional MRI. The aim of the present study was to assess the sensitivity of diffusion tensor imaging for monitoring the progression of cerebral tissue damage during the course of CADASIL. Methods-With the use of diffusion tensor imaging, whole brain trace of the diffusion tensor [Trace(D)] histograms were obtained in 22 CADASIL patients and 12 age-matched controls at baseline, in 14 patients after a mean delay of 21 months, and in 5 controls after a mean delay of 29 months. Parameters derived from these histograms (mean value, peak height, and peak location) were analyzed at baseline and during the follow-up. Results-At baseline, all the histogram parameters differed between patients and controls and were found to be significantly correlated with both the Mini-Mental State Examination score and Rankin Scale score in the patient group. The follow-up study showed a decrease in the peak height associated with an increase in the mean value of whole brain Trace(D) histograms in the 14 CADASIL patients scanned twice. The diffusion changes appeared larger in the patients whose Rankin score increased during the study period. Conclusions-These results suggest that the measurement of water diffusion over time is a sensitive marker for the progression of tissue damage in the brain. Thus, quantitative diffusion MRI can be used to monitor disease progression in CADASIL and possibly in other types of small-vessel brain disorders.
A lzheimer's disease and vascular dementia are the 2 main causes of dementia in the elderly. 1 Alzheimer's disease has been extensively investigated with MRI to obtain sensitive and specific neuroimaging markers that might be useful for preventive therapeutic strategies. 2, 3 In regard to vascular dementia secondary to small-vessel diseases, little is known concerning the natural history of the cerebral tissue lesions. This is due to the heterogeneity of the underlying vessel pathology and the frequent combination of cerebrovascular lesions with Alzheimer's disease in those older than 70 years.
Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL) has been recently identified as a new cause of "pure" vascular dementia. 4 -7 CADASIL provides a unique opportunity to investigate the pathophysiology of dementia related to small-vessel diseases for the following reasons. First, the disease is genetically homogeneous and always caused by mutations of the Notch3 gene leading to the accumulation of the 210-kDa cleavage product of the protein within the vessel wall. 8 Second, diagnosis with genetic testing is available long before the occurrence of dementia. 9 Third, in contrast to the specific vascular alterations, the cerebral tissue lesions in CADASIL are nonspecific and observed in various types of cerebral angiopathies. 10, 11 One of the main characteristics of CADASIL is the presence of nonspecific white matter lesions, often termed leukoaraiosis, which are easily detected by T2-weighted MRI. 12, 13 As reported for other small-vessel diseases, the extent of these MRI signal abnormalities cannot predict the clinical severity. [12] [13] [14] Diffusion tensor imaging is an MRI technique based on the measurement of water diffusion, which is due to the random motion of water molecules resulting from thermal energy. [15] [16] [17] During these diffusiondriven displacements, water molecules interact with many tissue components such as cell membranes, nerve fibers, and macromolecules, which provides unique clues to the tissue structure at a microscopic level. The exquisite sensitivity of diffusion tensor imaging to tissue microstructure has been used to reveal subtle tissue modifications in various diseases such as multiple sclerosis, 18 Alzheimer's disease, 19 schizophrenia, 20 and dyslexia. 21 In CADASIL, a large increase in water diffusion has been reported within the white matter 22 and basal ganglia 23 both inside and outside the cerebral lesions as detected with conventional MRI. This increase in molecular water displacement is presumably related to the enlargement of the extracellular space caused by demyelination and axon loss and is strongly correlated with cognitive and motor disabilities.
The aim of the present cross-sectional and longitudinal study was to determine differences in diffusion at baseline between patients and controls and to assess the sensitivity of diffusion tensor imaging for monitoring the progression of cerebral tissue damage during the course of CADASIL.
Subjects and Methods

Subjects
Twenty-two CADASIL patients from 10 unrelated families and with deleterious mutations of the Notch3 gene were selected (mean age, 54Ϯ11 years). All subjects underwent a first MRI study (MRI 1). Of these patients, 14 patients (mean age, 57Ϯ8 years) were included in the follow-up study and evaluated by a second MRI (MRI 2) within 1 or 2 years (mean delay from MRI 1 to MRI 2ϭ21Ϯ6 months) ( Table 1) . Seven patients (mean age, 56Ϯ7 years) agreed to undergo a third MRI study (MRI 3) (mean delay from MRI 2 to MRI 3ϭ14Ϯ1 months).
Twelve healthy subjects (mean age, 51Ϯ11 years) were selected on the basis of the following criteria: (1) no familial vascular disorder; (2) no history of neurological disorder; (3) normal neurological and general examinations; (4) Mini-Mental State Examination (MMSE) score Ͼ28; and (5) normal T1-and T2-weighted MRI. Five subjects (mean age, 44Ϯ14 years) had a second MRI study within a period of approximately 2 years (mean delayϭ29Ϯ6 months).
All subjects had a detailed standard neurological examination at the time of each MRI study. The global cognitive status was evaluated with the MMSE 24, 25 and the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV) criteria 26 for diagnosis of dementia. The degree of physical disability was evaluated with the Rankin Scale score (5-item scale from 1 [no significant disability] to 5 [severe disability]). 27, 28 Informed consent was obtained from each participant. An independent institutional ethical committee approved the protocol used in this study (CCPPRB Kremlin-Bicêtre 9724).
Magnetic Resonance Imaging
T1-and diffusion-weighted images were acquired with the use of a 1.5-T MRI system (Signa General Electric Medical Systems) equipped with gradient hardware allowing up to 22 mT/m, which was regularly monitored for quality assurance. A standard quadrature head coil was used for radiofrequency transmission and reception of the MR signal. Reduction of head motion was achieved with the use of standard foam padding as provided by the manufacturer.
T1-weighted images were acquired first in the axial plane with the use of a spoiled gradient echo sequence (124 slices 1.2 mm thick, repetition timeϭ10.3 ms, echo timeϭ2.1 ms, inversion timeϭ600 ms) and 24ϫ24-cm field of view (resolution of 0.937ϫ0.937ϫ 1.2 mm). Acquisition time was 7 minutes 38 seconds.
Diffusion-weighted images were acquired with echo-planar imaging in the axial plane at 26 slice locations, 5 mm thick. For each slice location, a T2-weighted image with no diffusion sensitization (b 0 ), followed by 11 b values (increasing linearly to a maximum value of 1000 s/mm), was obtained in 6 noncolinear directions. The total acquisition time for diffusion tensor imaging was 8 minutes 12 seconds.
Image Postprocessing
Before the tensor estimation was performed, an unwrapping algorithm was applied to the diffusion-weighted data set to correct for distortions related to eddy currents induced by the large diffusionsensitizing gradients. 29 After this correction, the diffusion tensor parameters were calculated on a pixel-by-pixel basis, and the trace of the diffusion tensor, Trace(D), was calculated as described by Basser et al. 30 In all subjects, a single examiner, blind to the patient's clinical status, delineated a mask of the cerebral tissue on each slice of Trace(D) images using semiautomated software dedicated to segmentation. This software was based on a regional growing algorithm and local thresholding. The total volume of cerebral tissue (including all visible lesions) was obtained after exclusion of the surrounding extracerebral tissue and cerebrospinal fluid. The mask used to determine the whole brain volume was then checked visually for Ϫ3 mm 2 /s. To correct for cross-subject differences in brain volume, each histogram was normalized to the total number of voxels corresponding to the brain tissue. For each histogram, the following parameters were derived: the peak height, ie, the fraction of pixels at the most common value, and the peak location, ie, the most common value and the mean value. The time required to obtain whole brain Trace(D) histogram varied from 20 to 30 minutes for each patient. The reliability of the segmentation procedure was evaluated in 7 randomly selected subjects by 2 raters. The mean interrater and intrarater coefficient of variation of the number of voxels selected by this procedure was Ͻ1% (0.4% and 0.9%, respectively). The interrater and intrarater variability values calculated for the histogram parameters were 0.5% and 0.4% for the mean value, 0.8% and 0.7% for the peak height, and 0.03% and 0.03% for the peak location, respectively.
Statistical Analysis
The diffusion parameters obtained at MRI 1 were first compared among patients (nϭ22) and controls (nϭ12) with a 2-tailed Student's t test. Afterward, we analyzed the diffusion parameters obtained in the group of subjects included in the follow-up study (patients, nϭ14; controls, nϭ5) using a 2-way ANOVA with 2 fixed factors (group: patients and controls; time: MRI 1 and MRI 2) assuming repeated measurements and a possible time-group interaction. For post hoc analysis, a t test with Bonferroni correction was applied to compare group means. In the subgroup of patients with 3 repeated examinations, the variations of diffusion parameters between each MRI were analyzed with a paired t test. The effects of diffusion parameters at baseline, the interexamination delay, and age were tested by multiple regression analysis. The Spearman rank test was used to assess correlation between diffusion parameters and the clinical scores, and the Friedman test was used to analyze changes in clinical scores between the 3 MRI studies.
Values of PϽ0.05 were considered statistically significant. The statistical analysis was performed with the use of Statview software (Abacus Concepts Inc).
Results
Clinical Data
Twenty patients had the typical clinical manifestations of CADASIL, and 2 were asymptomatic. Eight had a history of recurrent attacks of migraine with aura; 14 had previous transient ischemic attacks and/or completed strokes, with a permanent focal deficit in 8 patients. Six were demented, and 7 had a Rankin Scale score Ͼ2.
Five new ischemic events (3 transient and 2 completed) occurred in 4 patients during the follow-up ( Table 1) .
The average MMSE and Rankin scores obtained at the first scan in the whole group (22 patients) were 25.3Ϯ7.8 and 1.95Ϯ1.35, respectively. For the group of patients (nϭ14) who had both first and second MRI scans, no significant change of the average MMSE or Rankin scores was observed between the 2 examinations. For the subgroup of patients (nϭ7) who had first, second, and third MRI scans, we also did not observe any significant change between the first and second scans. In this subgroup, the Rankin score was significantly increased at the time of the third scan ( 
MRI Study
In controls, the values of Trace(D) fell within a small range. The averaged whole brain Trace(D) histogram was characterized by a narrow peak ( Figure 1A) , and the coefficients of variation of histogram parameters were low (2.6%, 5.0%, and 3.6% for the mean, peak height, and location values, respectively).
In CADASIL patients, the average whole brain Trace(D) histogram was also unimodal but had wider distribution ( Figure 1A) . The peak height was significantly lower (7.3% versus 11.1%; PϽ0.0001) and shifted toward higher diffusion values (2.43 versus 2.22ϫ10
Ϫ3 mm 2 /s). The mean value of Trace(D) measured over the whole brain was significantly higher in patients than in controls (2.82Ϯ0.27 versus 2.43Ϯ0.06ϫ10
Ϫ3 mm 2 /s; PϽ0.0001). ANOVA for subjects included in the follow-up study confirmed the difference between patients and controls for the mean value, peak height, and location of Trace(D) histograms (Table 2 ) and showed a significant time effect. An increase in the mean Trace(D) value and a decrease in the peak height of Trace(D) histograms were observed in patients, while no change was found in the control group (Table 2 and Figure 1B Figure 1C) .
Multiple regression analysis showed that the degree of changes (absolute values) in the mean value of Trace(D) found in patients between MRI 1 and MRI 2 was strongly correlated with the mean value of Trace (D) at baseline (nϭ14 patients; rϭ0.63, Pϭ0.01). This effect was independent of age and interscan delay. The individual mean values of Trace(D) histograms are presented in Figure 2 . The larger variations of this parameter are observed in patients with high diffusion values measured at baseline. Visual analysis of Trace(D) maps in a CADASIL patient illustrates these results (Figure 3 ). The increase in diffusion over time in this patient does not appear restricted to a focal area and predominates within the already affected regions.
Clinical Correlates
In the whole group of patients (nϭ22), the MMSE scores at the time of the first scan were positively correlated with the peak height and negatively correlated with both the mean value and the peak location of Trace(D) histograms. Conversely, the Rankin scores were negatively correlated with the peak height and positively correlated with both the mean value and peak location of Trace(D) histograms (Table 3 and Figure 4 ). In the subgroup of 14 patients, these correlations remained significant at both the first and second scan times.
On an individual level, the Rankin score increased in 5 patients (ϩ1 point in each patient) during the interval of the MRI studies (Table 1) . In these patients, the increase in the mean value of Trace(D) measured between the first and the last scan was significantly higher than that observed in the patients whose 
Discussion
This is the first imaging study to quantitatively monitor the progression of cerebral tissue damage during the course of CADASIL with the use of whole brain Trace(D) histograms. Our results show that the measurement of water diffusion is a sensitive marker of the microstructural tissue loss occurring within the brain during the course of this disease. Previous diffusion tensor imaging studies in CADASIL were performed with the use of regions of interest that provide a local estimate of microscopic tissue damage within the brain. With this method, a significant increase in Trace(D) and a decrease in anisotropy were previously reported within both the abnormal and normal-appearing white matter, as observed on conventional MRI. 22 Recently, early modifications of diffusion have been detected in the normal-appearing subcortical gray matter in CADASIL patients. 23 Together, these data indicate that the cerebral tissue damage in CADASIL is much more widespread than is evident after conventional MRI. We Figure 1 . Average Trace(D) histograms in controls (nϭ12) and patients (nϭ22) at baseline (A). Compared with controls, the peak of the average histogram in patients shows a shift toward higher diffusion value associated with the lowering of its height. Average Trace(D) histograms were obtained in 14 patients investigated twice (B) and in the subgroup of 7 patients investigated 3 times (C). A significant increase in the mean value associated with a decrease in the peak height was observed between MRI 1 and MRI 2 in patients (mean delayϭ21Ϯ6 months). In the subgroup of patients investigated 3 times, an increase in the mean value associated with a decrease in the peak height was observed both between MRI 1 and MRI 2 (mean delayϭ18Ϯ5 months) and between MRI 2 and MRI 3 (mean delayϭ14Ϯ1 months). thought that the local measurement of diffusion was not relevant to monitor the progression of tissue damage in such a diffuse condition. Thus, to assess the overall burden of cerebral lesions, we selected a global approach with whole brain Trace(D) histogram analysis. This approach, already used in multiple sclerosis patients, 31 combines the sensitivity of diffusion tensor imaging to assess both macroscopic and microscopic tissue damage with the ability to obtain a complete measurement of diffusion throughout all the voxels containing cerebral tissue. In contrast to techniques based on regions of interest, this approach cannot provide any information concerning the regional pattern of tissue changes. However, the whole brain histogram analysis is highly reproducible 32, 33 and provides easily comparable data for longitudinal studies without any image registration or subjective delineation of anatomic regions. In healthy subjects, Trace(D) histograms are characterized by a unimodal distribution with a narrow peak, indicating that most of the diffusion values measured in the cerebral volume are contained within a small range. In CADASIL patients, Trace(D) histograms are also characterized by a unimodal distribution. However, in contrast to controls, the peak height is reduced and shifted toward higher diffusion values with a significant increase in the mean value of Trace(D). Together, these changes indicate that diffusion is increased in most of the cerebral voxels in CADASIL patients. The main parameters derived from Trace(D) histograms were also highly During the follow-up study performed in 14 patients, significant modifications of Trace(D) histograms were observed after a mean delay of 21 months. The increase in the mean value and decrease in the peak height of Trace(D) histograms detected during this period indicate that the number of voxels with high diffusion values had increased in the patient group. These changes were detected in the absence of significant change of global clinical scales. These data suggest that global histogram analysis of diffusion tensor imaging is highly sensitive for detecting the disease progression in CADASIL. Interestingly, the data obtained in the subgroup of 7 patients who underwent 3 MRI exams show that diffusion further increased between MRI 2 and MRI 3, which suggests that significant modifications of Trace(D) histograms can be detected in a period as short as 14 months. Finally, at the end of the follow-up study, modifications of the Rankin score were noted in 5 patients whose increase in diffusion was greater than that measured in patients with a stable clinical status. Because of the limited size of our sample and the large variability of interscan intervals, this result should be interpreted with caution. Other studies are necessary to further investigate the relationships between the increase in diffusion over time and the clinical worsening in CADASIL.
These results provide new insights into the pathophysiology of CADASIL. It is noteworthy that diffusion changes in the cerebral tissue were detected in our series, even though only 2 new completed ischemic strokes occurred during the follow-up period. This suggests that the microstructural alterations underlying the diffusion changes can progress in the absence of acute ischemic events. In addition, these microstructural alterations appear widespread enough to be detected through a global analysis over the whole brain. The positive correlation between the baseline mean Trace(D) value and the degree of diffusion increase over time suggests that the amount of microstructural damage might influence the progression of tissue loss during the course of CADASIL. It is noteworthy that the only asymptomatic patient included in our follow-up study, who had a very low burden of lesions, was also the only person to have unchanged parameters of the Trace(D) histogram over the period of the study. Conversely, the visual examination of Trace(D) maps in symptomatic patients shows that the increase in diffusion during the course of the disease predominates within the affected cerebral areas. This might be related either to the growth of secondary degenerative processes occurring after the accumulation of ischemic lesions or to progressive tissue damage caused directly by chronic ischemia. 23 Further investigations are necessary to settle this issue.
The present diffusion tensor imaging study shows that water diffusion progressively increases over time in the cerebral tissue during the course of CADASIL and that these diffusion changes precede the clinical worsening of CADA-SIL patients. To date, no therapeutic trial has been performed in CADASIL patients. Such a trial is particularly difficult to design because of the rarity of the disease, the variability of the symptoms, and the long course of the disease over several decades. The present study provides preliminary data suggesting that diffusion tensor imaging is a sensitive measure for monitoring tissue changes over a relatively short period of time and could thus be used in future therapeutic trials in CADASIL. Whether this approach is useful for monitoring disease progression in other types of small-artery disease requires further investigation.
